At the Advanced Light Source (ALS), we are developing broadly applicable, high-accuracy, in-situ, at-wavelength wavefront slope measurement techniques for Kirkpatrick-Baez (KB) mirror nano-focusing. In this paper, we report an initial cross-check of ex-situ and in-situ metrology of a bendable temperature stabilized KB mirror. This cross-check provides a validation of the in-situ shearing interferometry, currently under development at the ALS.
Introduction
Nano-focusing and coherence preservation for third-generation synchrotron radiation and free electron laser beamlines require tight reflective X-ray optics surface slope tolerances. While the fabrication quality and ex-situ metrology of X-ray mirrors have improved over time [1] [2] [3] , the in-situ, at-wavelength performance of beamline optics is often limited by application-specific factors, such as beamline optics alignment, temperature and mechanical drift, vibration, etc. [4] [5] [6] [7] [8] .
At the Advanced Light Source (ALS), we are developing broadly applicable, high-accuracy, in-situ, at-wavelength wavefront metrology techniques, suitable for high precision tuning, alignment, and performance characterization of Kirkpatrick-Baez (KB) mirrors [9] [10] [11] . The methodology of the work relies on development of a series of at-wavelength metrology techniques with sequentially increasing accuracy and sensitivity. The efficacy of the techniques is verified in experiments at the ALS beamline 5.3.1 with a single, bendable, temperature stabilized KB mirror [8] designed for submicrometer focusing of soft X-rays near 1-nm wavelength [12] . Use of the same test mirror and the same beamline arrangement allows us to reliably cross-check various at-wavelength metrology techniques and compare their performance with that of the optical metrology available at the ALS optical metrology laboratory (OML) [3, [13] [14] [15] [16] [17] [18] [19] .
In this paper, we report the first results on development at the ALS of a soft X-ray shearing interferometry technique. The technique is applied to optimally align and characterize a KB mirror pre-bent into the correct shape at the ALS OML. The mirror surface slope profile, extracted from the in-situ measurements, is compared with the result of optical surface slope metrology performed with a long trace profiler, the ALS LTP-II [15] . After a recent upgrade [15] , the ALS LTP-II is capable for surface slope measurements with an accuracy of about 0.1 mrad (rms) with flat and slightly curved optics and less than 0.25 mrad (rms) with significantly curved X-ray optics. Therefore, a cross-check with the high performance optical instrument provides a reliable validation of the in-situ shearing interferometry technique, currently under development at the ALS.
Beamline arrangement
Metrology beamline 5.3.1 at the ALS is a bend-magnet beamline that provides an intense X-ray beam in a broad energy range 30 eV-12 keV. Fig. 1 shows the beamline arrangement. X-rays from a bending magnet are focused by a 1:1 toroidal mirror, M1, and pass through a monochromator. The monochromator comprises a pair of W/B 4 C multilayer mirrors with a 4 nm period. The M1 toroidal mirror focuses the incident X-rays 12-m downstream, inside a 2-m-long vacuum chamber of a dedicated experimental endstation. The focal spot was measured to have a FWHM size of 150 mm (vertical) Â 300 mm (horizontal). Details of the endstation design have been described elsewhere [11] .
In order to generate a cylindrical reference beam for onedimensional focusing tests, we use a nano-fabricated entrance slit spatial filter. The filter, designed as an array of 200-mm-long slits with widths between 0.66 and 6.00 mm, was fabricated by electron-beam lithography. The multi-slit design enables the optimal selection of the slit size in-situ. The filter is placed in the focus of an M1 mirror, a position that coincides with the object plane of the KB mirror. Fig. 2 shows details of the test mirror design. The same mirror was used in our previous work [11] . The bending mechanism of the mirror is based on two cantilever springs. With a wire, each cantilever spring is connected to a displacement-reduction spring that is driven with a Picomotor TM . The displacement of the Picomotor TM actuators is monitored with linear variable differential transformers (LVDT) with an accuracy of approximately 100 nm over a useful range. The bender design allows extremely fine control of the bending couples applied to the mirror substrate. The mirror design and the selection of the materials used for its fabrication allow an efficient temperature stabilization of the mirror by a Peltier element attached directly to the body of the mirror assembly. The efficiency of the temperature stabilization has been investigated in Ref. [8] . We have demonstrated that a change of the ambient temperature by a few degrees C does not noticeably affect the mirror shape.
Temperature stabilized test mirror
The mirror substrate is made of crystal silicon and has 102-mm length and 4-mm thickness. The substrate is sideprofiled to enable it to achieve the desired elliptical shape, when optimally bent.
The assembly, preliminary alignment, and the setting of the mirror benders are performed by monitoring the mirror surface shape with a 6-in. ZYGO TM GPI interferometer at the OML. The twist in the mirror substrate is removed using the dedicated upstream anti-twist adjustment, shown in Fig. 2 . First, the antitwist correction is performed with the interferometer, observing the entire clear aperture of the mirror. Second, for a more precise correction, we use the Developmental LTP (DLTP) [3] to measure and minimize the slope variation in the sagittal direction, when scanning along the tangential axis. With this step, the mirror shape becomes close to the desired elliptical cylinder surface.
The ex-situ LTP measurement of the test mirror
After the preliminary alignment, and before installation at the beamline, the test mirror benders are optimally set for the desired mirror shape and precisely characterized with the upgraded ALS LTP-II [15] . Table 1 presents the mirror's optical specifications for the present experiments. In Table 1 , the radius of curvature is given for the mirror center.
Note that this mirror was originally designed with a shape optimized for a smaller grazing incidence angle y¼4 mrad and therefore, a smaller numerical aperture NAE1.5 mrad. At 1-nm wavelength (approximately 1 keV), diffraction-limited focusing with the originally specified shape would provide a focal spot with a size of about 0.2 mm. Our goal was to achieve a smaller focal spot using a larger NA, at $3 mrad. In order to increase mirror NA and thus decrease the diffraction limited focal spot size, the mirror is bent to a new set of parameters, as listed in Table 1 , selected from numerical mirror bending simulation [9, 20] .
To optimize the bender setting, we use an original procedure for the tuning and calibration of bendable mirrors with slope measuring profilers [13, 14] , developed in our laboratory. The procedure consists of three slope profile measurements with the sequential change of the two bender settings. The observed shape changes allow us to isolate the contributions from each bender when the system is close to its optimized bending state. Based on the measurements, predictions for the optimal settings and their confidence intervals are calculated using linear regression analysis (see e.g., Ref. [19] and references therein). The optimization procedure removes defocus and coma aberrations (2nd and 3rd order shape errors) at the design conjugate distances. After a couple of bender setting iterations, the mirror shape was adjusted to the desired ellipse, given by the parameters in Table 1 , with an rms error of about 0.4 mrad. Fig. 3 shows a trace of the residual slope error over an 80-mm clear aperture of the optimally bent test mirror. The trace, with a uniform sampling along the mirror clear aperture with a 1-mm increment, is a result of subtraction of the desired slope profile from the measured mirror surface slope trace. In order to suppress the contributions of the instrumental systematic and drift errors, LTP measurements were performed according to an optimal scanning strategy described in Ref. [18] . In our case, the measurement run consisted of eight consecutive measurements performed with scanning the LTP optical sensor in the forward (F) and the back (B) direction, according to a sequence of F-B-B-F-B-F-F-B. The chosen scanning strategy allows for an effective suppression of an error due to the instrumental drift described with a third order polynomial function of time. Fig. 3 shows the residual variation of the mirror tangential slope error prior to beamline installation. Rigid-body optimization of mirror displacement and tilt, however, must be performed in-situ.
From the measured data (Fig. 3) , two sets of information can be obtained. First, there are the relatively large slope error features at the higher spatial frequencies: these are probably artifacts of the mirror polishing. It could partially be due to a contribution of the LTP systematic errors. Second, there is a large amplitude mirror slope variation seen at the lower spatial frequencies (figure error). Since the mirror is not being used at the original design specifications, we anticipate some residual low-frequency errors may remain. However, the alignment algorithm is able to remove shape errors up through the 4th order. Cumulatively, the mirror slope errors result in aberrations, which blur the focal spot.
In-situ shearing interferometry measurements
After installation at the beamline, the test mirror pitch angle and position of the focal plane were optimally adjusted using scanning slit tests and an original method for optimal in-situ alignment, as described in Ref. [11] . In the measurements described here, the mirror bending was not adjusted, remaining the same as it was set ex-situ, in the OML.
The scanning slit in-situ mirror slope measurements are performed using a YAG crystal placed near the focal plane, with a visible-light charged-coupled device (CCD) and a microscope objective to re-image the focused spot. The slits are used to isolate one small region of the mirror at a time. As the slits are scanned through the beam, the positions of the focused rays are evaluated in the YAG image, and the slope error can be determined from the motion of the beam centroid.
The algorithm of the in-situ alignment procedure is analogous of that of the procedure used for optimal setting of the mirror benders with the LTP (Section 4). Three scanning slit measurements with sequential change of the pitch angle and the focal position of a detector are performed. Based on the measurements, predictions for the optimal pitch angle and focal position are calculated using linear regression analysis. An optimal (converged) adjustment is obtained after two or three iterations [11] .
Next, we characterize the mirror's wavefront slope, using lateral shearing interferometry. A binary grating structure with 1:1 line-to-space ratio is placed in the beam, downstream of the focus, and the various diffraction orders of the transmitted wavefront W(x, y) overlap on an X-ray CCD plane with small angular shear, producing an interference fringe pattern. The fringe pattern can be analyzed to reveal the wavefront slope in the direction of the shear [21] . As shown in Ref. [22] , for coherently illuminated systems, lateral shearing interferometry offers a convenient wavefront slope measurement method with high sensitivity and the potential for high accuracy. Fig. 4 illustrates the in-situ shearing interferometer geometry.
A relatively coarse grating period (4-6 mm) is used to minimize the angular shear and preserve the substantial overlap of the various diffraction orders in the CCD plane. (Larger shear gives greater sensitivity at the expense of a reduced overlap area.) For this purpose, an array of 1200-mm-long slits with a grating pitch values between 4-and 6-mm was created by an electron-beam lithography. The grating array allows us to compare the performance of different gratings for sensitivity and accuracy. In the shearing experiments described in this paper, the soft X-ray wavelength l is 1 nm; the KB mirror focus is 120 mm downstream of the mirror center; the used grating pitch d is 6 mm; and the grating is placed close to the grating's first Talbot plane distance [21, 22] , Z g Ed 2 /l¼36 mm downstream of the mirror focus. Sharp fringes are obtained on the X-ray CCD, which is Z ccd ¼ 1.5 m downstream of the mirror focus. When the grating is displaced by several millimeters from the optimal longitudinal position, in either direction, the fringe contrast and clarity decreases. Because of the mirror's elliptical shape and oblique angle of incidence, there is a non-linear relationship between the beam position on the mirror surface and its image position in the CCD plane. Therefore, uniform mirror surface sampling, such as is performed in the ex-situ slope profile measurements (as with the LTP-II), results in a non-uniform sampling in the CCD plane. Using commercial ray tracing software, ZEMAX TM , we calculated the nonlinear mapping relationship from the mirror surface to the CCD plane with respect to the central ray: Fig. 5 . Fig. 6 shows typical shearing interferogram fringe patterns recorded by the CCD.
From geometrical optics, there is a relation between the wavefront slope error qW(x, y)/qy (W(x, y) is the wavefront error) and the ray error e y in the focal plane [21, p. 271] 
where R is the local radius of curvature of the wavefront. From Eq. (1), the wavefront slope error is not a constant and will vary as the wavefront propagates. Indeed, the local radii of the wavefront exiting from the mirror surface are between 80 and 160 mm (Fig. 4) , and the radii of the wavefront at the CCD plane is $ 1500 mm, the slope error on the CCD plane will be about 9.4-18.8 times smaller than that of the mirror surface.
Thus, the non-linear mapping and the propagation to the CCD require that we stretch and scale the in-situ measured wavefront slope error from the CCD plane to match the mirror slope error trace measured with the LTP. Moreover an appropriate correspondence should also account for the residual errors of the mirror alignment at the beamline, as well as for a possible error of the mirror bending due to a mechanical relaxation of the bender mechanisms. The LTP and the shearing measurements were performed 1.5 months apart.
Comparison of the in-situ and ex-situ test results
The sharp fringes on the CCD plane, as shown in Fig. 6 
In our shearing data analysis, the Fourier transform method [23] is applied to obtain the wavefront difference function WDF from the individual fringe patterns, as a phase-map. (We note that phase-shifting analysis could also be used for the interferogram analysis, provided a series of measurements with laterally shifted grating positions.) Eq. (3) is applied to obtain the averaged wavefront slope error on the CCD plane. The linear slope term corresponds to the defocus caused by the grating's position downstream of the focus. We subtract [23] this term when investigating the wavefront slope errors.
To cross-check the in-situ and ex-situ metrology, we map the OML LTP-II measured mirror slope error trace onto the CCD plane by stretching the trace according to the calculated relationship (Fig. 5) and scaling by the varying magnification factors (Fig. 4) . The data in Fig. 7 suggest that the in-situ and ex-situ measured wavefront slopes are close in magnitude and strongly correlated. Indeed, the variance of each single measurement in Fig. 7 is larger than the variance of the difference of the measurements by a factor of approximately two.
We observe that the agreement is better around the mirror center; on the sides of the plot, there is a noticeable discrepancy. The discrepancy may indicate the presence of a residual error of the mirror alignment at the beamline. There could also be a difference in the bending of the mirror, due to a possible mechanical relaxation of the bending mechanism. We should also mention that the LTP calibration, performed with a diffraction grating, does not allow us to reliably account for the instrumental systematic error. The development of a more sophisticated calibration method based on the concept of a Universal Test Mirror, suggested in Ref. [24] , is in progress.
We recognize that the primary objective of the in-situ alignment is the optimized setting of the low-spatial frequency mirror shape, which can be controlled through bending [20] . Given the uncertainties in the mirror alignment between the two systems, we anticipate that the higher spatial frequency variations of the shearing interferometry and the LTP data should agree even better than the full-slope data shown in Fig. 7 . Therefore, a comparison of higher spatial-frequency wavefront slope variations could provide a separate validation of performance of the in-situ metrology.
To isolate the higher-spatial-frequency variations of the mirror slope error traces, we fit and subtract aberration polynomials up to fourth-order. Fig. 8 shows a comparison of the obtained higher spatial frequency variations of the wavefront slopes; the solid line is for the ex-situ LTP-II and the dashed line is for the in-situ shearing interferometry. Fig. 8 shows the correlation between the higher spatial frequency components of the mirror slope error, measured insitu and ex-situ. The (rms) variation of the data difference is $0.016 mrad on the CCD plane, which is 1.5 m downstream of the KB mirror focus. This variation corresponds to $0.20 mrad (rms) slope difference on the mirror surface.
Conclusions and discussion
At the ALS, a set of in-situ, at-wavelength metrologies for application with soft X-ray focusing optics are currently under development [10, 11] . The first results from the application of an in-situ shearing interferometry technique to characterize the surface quality of a bendable temperature-stabilized KB mirror have been reported and discussed. The details of the test mirror design, the ex-situ, optimal bender setting, and in-situ, optimal alignment at the beamline have been shown.
We have also reported a cross-check of the ex-situ LTP-II and an in-situ shearing interferometry that became possible after a careful mapping of the KB mirror slope error data measured with the ALS LTP-II to the CCD plane of the shearing interferometer. We have observed a good agreement of the data, especially around the mirror center. Even better correlation of the in-situ and ex-situ measurements has been found for the higher spatial frequency variations of the data. In this case, the possible spurious effects related to the LTP systematic error and a possible instability of the test mirror shape are significantly suppressed. The rms variation of the higher spatial frequency data difference was approximately 0.2-mrad (rms) slope variation of the surface slope trace, as it is measured with the LTP-II. An additional investigation for the origin of the low spatial frequency discrepancy of the measurements is in progress.
We should also mention that high performance of the ALS optical metrology and the developed in-situ alignment and characterization methods have lead to almost diffraction limited focusing (with the focus spot size of $ 120 nm) with this test mirror [11] .
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